1. Recall signs and symptoms of concussion. 2. Describe the available tools to assess neurocognitive dysfunction. 3. Explain the steps to determine when it is safe to allow a concussed athlete to return-to-play.
A n estimated 3% to 8% of high school and collegiate football players sustain concussions each season with over 300,000 cases estimated annually in the United States. [1] [2] [3] [4] [5] Data from the National Collegiate Athletic Association Injury Surveillance System reveal that concussions accounted for a significant percentage of total injuries among college athletes participating in ice hockey (12.2%), football (8%), and soccer (4.8%) during the 2002 to 2003 season. 6 Although loss of consciousness (LOC) is an alarming sign of concussion, more than 90% sport-related concussions result in transient confusion without LOC. 7 Estimates of incidence from surveillance data and insurance databases rely on proper identification of concussions in sports, which are most often mild, with subtle signs and symptoms which may not be recognized by the athlete, coaches, or medical personnel. It is difficult to assess athletes without objective measures because of the subtlety of concussive symptoms, often complicated by the athletes' attempt to mask condition to continue to play. 8 Therefore, the incidence is likely higher than reported.
Sports-related concussion remains one of the most troublesome injuries facing the sports medicine physician. Despite a growing body of research, little evidence-based guidance is available on how long it takes the brain of an athlete to recover from mild trauma to safely return-to-play. Review of the literature suggests the brain requires from several hours to weeks to fully recover from the effects of a concussion, but at what point the concussed brain is no longer at increased vulnerability for reinjury is not known. The ongoing risk-benefit analyses that occur with return-to-play decisions must currently be based on experience, corollary data from traumatic brain injuries in animals and humans, and limited prospective data with sports-related head concussions. This review will address the best-evidence interpretation of the definition, pathophysiology, diagnosis, and on-field management of sports-related concussions.
DEFINITION
Although a transient neurologic syndrome has been recognized since the 10th century AD, 9 there has been no universal agreement on the definition of concussion. Previous definitions failed to include many salient features of concussion, such as headache, amnesia, and nausea and did not include relatively minor impact injuries with persistent symptoms.
The expert panel of the First International Symposium on Concussion in Sport in Vienna in 2001 10 defined a concussion as a complex pathophysiologic process affecting the brain, induced by traumatic biomechanical forces resulting in the rapid onset of short-lived impairment of neurologic function that resolves spontaneously. The acute clinical symptoms largely reflect a functional disturbance rather than structural injury, with a graded set of clinical syndromes that may or may not involve LOC. Resolution of the clinical and cognitive symptoms typically follows a sequential course. 10, 11 The 2004 Prague Concussion in Sport Group further classified concussion as simple or complex. 11 The athlete with a simple concussion suffers an injury that progressively resolves over 7 to 10 days. These injuries represent the majority of sports-related concussions.
The athlete with a complex concussion
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This article was published originally in Sports Med Arthrosc Rev 2006; 14:199-205. may suffer prolonged symptoms (including persistent symptoms with exertion), specific sequelae [concussive convulsion, prolonged LOC (>1 min)], or prolonged cognitive impairment after injury.
PATHOPHYSIOLOGY
The understanding of the pathophysiology of concussion is based on animal models and studies of moderate-to-severe brain injuries. Concussion is thought to be due to acceleration-deceleration forces applied to the moving brain, which, in turn, causes shearing forces or distortion to the vascular and neural elements of the brain. A cascade of neurochemical, ionic, and metabolic changes occur after experimental brain injury. An injury-induced ionic flux across the cell membrane due to excitatory amino acids has been shown to increase glycolysis with a dissociation of metabolism and cerebral blood flow, resulting in a state of metabolic depression. 12 Given the varied clinical response to same impact force, further investigation of the pathophysiology of concussion, both the first time sport-related concussion and recurrent concussion, is necessary.
SIGNS AND SYMPTOMS
Recognition of the injury may be the most difficult part in managing sport-related concussion. Part of the difficulty is that the concussed athlete may minimize or deny symptoms to remain in play. If there is any suspicion that a player has sustained a concussion, the athlete should be removed from competition. Even if symptoms clear immediately, the athlete needs to be monitored for delayed symptoms or depressed cognitive function.
Signs and symptoms of a concussion can be physical, emotional, postural, or cognitive. The acute symptoms of concussion have been described in detail in many studies. Prospectively validated signs and symptoms include amnesia, LOC, headache, dizziness, blurred vision, attention deficit, memory deficit, postural instability, and nausea. 3, 13, 14 Other signs and symptoms that are subjectively reported but have not been validated as to their prognostic significance include emotional lability, feeling out of it, sleep disturbance, impaired coordination, lethargy, irritability, or noise/light intolerance. 9 In simple concussions, the most commonly documented symptoms include headache, dizziness, nausea, hyperesthesia, emotional lability, impaired attention or concentration, information-processing speed, and memory deficits. 3, 15 
NEUROPSYCHOLOGIC TESTING
Neuropsychologic testing has long been used as an objective measure of cognitive recovery in severe brain injury. Modifications to full test batteries have contributed significant information regarding the cognitive deficits associated with a concussion when compared with baseline testing. 16 If no baseline testing is available, performance variability may be a key measure. Testing of several cognitive domains must be included with tests such as information processing, planning, memory, and switch of mental set.
Use of modified neuropsychologic test batteries showed athletes sustaining concussions displayed deficiencies in neurocognitive functioning such as attention, memory, concentration, and information processing as a result of cerebral concussion. 1, 4, 5 Studies of nonprofessional athletes demonstrated a strong relationship between sideline markers of concussion, such as amnesia or memory impairment, and specific neuropsychologic deficits of memory on tests administered within the first few days after injury. 6, 17, 18 A meta-analysis of the neuropsychologic impact of concussion showed the largest adverse cognitive effects were in the domains of acquisition memory, delayed memory, and global cognitive functioning 19 (level I). These deficits were shown to diminish by 7 days, except for delayed memory, which improved by 10 days. 6, 12, 14, 19 These studies emphasize the importance of a thorough on-field evaluation of neurocognitive status immediately after injury and throughout recovery.
Computerized versions have made modified neuropsychologic testing more accessible and easy to administer at the high school and college levels, allowing for shorter test duration and decreased practice effect due to multiple variations of forms for repeated testing. The test can be easily given and interpreted by team medical personnel. Several computerized tests are available for use including ImPaCT, CogSport, Headminders, and Automated Neuropsychological Assessment Metrics. Each test includes three parts: demographic data, neuropsychologic tests, and postconcussion symptom scale. The six neuropsychologic tests target different aspects of cognitive functioning: attention; memory; processing speed; and reaction time; which together yield four composite scores in verbal memory, visual memory, visual motor speed, and reaction time. The postconcussion symptom scale is a 21-symptom scale in lay terminology, including the most frequently documented symptoms associated with concussion ( Table 1) . The scale has been incorporated into the Sport Concussion Assessment Tool (SCAT).
Deficits on neuropsychologic testing such as reduced planning and ability to switch mental set, impaired memory and learning, reduced attention and ability to process information, slowed reaction times, and increased variability in response may suggest that the brain is still vulnerable to reinjury, but further research is necessary to support this claim. Although it is a good aid to follow recovery, neuropsychologic testing should not be the sole basis of return to play decision. It is recommended to wait for clinical resolution of symptoms (both at rest and with exertion) and then to use neuropsychologic testing as a final step before return-to-play. Neuropsychologic testing is currently only recommended for evaluation of complex concussions. 11
ON-FIELD NEUROCOGNITIVE ASSESSMENT TOOLS
Although the neuropsychologic testing provides a cognitive assessment for recovery, immediate on-field evaluation requires a quicker, simpler assessment tool. Maddocks et al. 14 developed a series of sideline questions, asking game location, score, period, opponent, and recent game information. They discovered that impairment in recently acquired memory is more sensitive than disorientation for diagnosis of concussion. Maddocks' questions were prospectively validated to assess recently acquired memory as a diagnostic screening tool 20, 14 (level IV).
McCrea et al. 5 developed the Standardized Assessment of Concussion (SAC) for use for the immediate assessment of on-field mental status of an athlete suspected of having a concussion. It contains four components of the neuropsychologic domains most sensitive to the effects of mild concussion: orientation, immediate memory, concentration, and delayed recall. McCrea's 21 study showed a decreased SAC score from baseline after injury was 95% sensitive and 76% specific for diagnosis of concussion and that results returned to baseline after 48 hours.
In an effort to combine tests for use from immediate assessment throughout recovery, the Concussion in Sport Symposium Group from Prague developed a more comprehensive abbreviated neurocognitive test, the SCAT. The SCAT was developed with a combination of the most widely used tools, extensive collaborative experience, and literature review. It remains to be validated for use but the memory questions, specifically, were modified from validated Maddocks' questions. 9, 11, 20 
POSTURAL INSTABILITY
In addition to cognitive dysfunction, concussed athletes have been shown to have postural instability in the acute phase of concussion as the areas of the brain disrupted in concussion have been reported to be responsible for maintaining postural equilibrium. Traditionally, clinicians have used the Romberg test to assess equilibrium on the sideline, but recent advances in computerized posturography have been able to offer a more objective and quantifiable assessment. Guskiewicz et al. 13 performed baseline and
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Contemporary Spine Surgery postinjury testing using the Sensory Organization Test and the Balance Error Scoring System (BESS) (level IV). The Sensory Organization Test is a computerized force plate system designed to disrupt the sensory selection process by altering available somatosensory and visual information or both while measuring the subject's ability to minimize postural sway. BESS is a more clinical evaluation tool independent of a force plate measurement, which counts correction errors while the patient tries to maintain a one-legged stance on a firm and cushioned surface ( Table 2) . Concussed athletes demonstrated postural instability most likely linked to sensory interaction problems during the immediate postinjury period with return to baseline around day 3. The BESS was validated in 1999 as a practical and cost-effective way to measure postural stability objectively on-field or in the office in athletes suffering from a sport-related concussion. 13 
SEVERITY MARKERS
Poor consensus of the definition of concussion and lack of prospective data correlating outcome to initial signs and symptoms led to the development of numerous grading systems. In one study, no relationship was observed between the three most commonly used concussion severity grading systems (Cantu, Colorado, and American Academy of Neurology) and cognitive impairment using three cognitive measures of psychomotor speed and speed of information processing 22 (level IV). Although the grading systems based injury severity on LOC, this assumes that greater morbidity and mortality occur with LOC than other markers of injury severity. However, much of the concussion information has been generalized from decades of research with more severe head injury. 17 There are limited published data that correlate outcome with the number and duration of acute symptoms and neuropsychologic testing. 1, 11, 22 Collins et al. 17 reported an increased risk of poor postinjury presentation (continued symptoms or decreased memory score at follow-up) with onfield markers of retrograde amnesia and posttraumatic amnesia and prolonged disorientation or mental status changes greater than 5 minutes. However, no difference was associated with LOC (<2 min) or sideline-assessed disorientation without amnesia. 17 Erlanger et al. 23 found that self-reported memory dysfunction at 24 hours, but not brief LOC, was associated with prolonged duration of self-reported symptoms and positive findings on neurocognitive tests of memory. Other studies have supported that brief LOC (<5 min) does not correlate with severity of injury. 23, 5 Concussion severity can only be determined in retrospect after all symptoms have resolved, the neurologic examination is normal, and cognitive function has returned to baseline.
DURATION OF SYMPTOMS
Estimates of recovery from symptoms and neurocognitive dysfunction range from several hours to several days; however, time to recovery varies with the age of the athlete, previous head injuries, and severity of injury. 1, 3, 5, 12, 17, 21, 23 McCrea et al. 6 found most concussed college football players follow a gradual course of recovery in symptoms, cognitive function, and postural stability over 5 to 7 days, with 10% taking more than 7 days to reach full recovery (level IV). Recovery of the professional football player was found to be more rapid than in high school and collegiate athletes. NFL athletes exhibited intact performance within several days relative to baseline levels. 24 In a 6-year retrospective study of the safety of immediate or same day return-to-play after a concussion in NFL players, none of the players who returned to play the same day experienced any intracranial catastrophe, developed second-impact syndrome (SIS), showed a statistically increased risk of postconcussive syndromes (being out of play for more than 7 d) or experienced a repeat concussion. 25 These data suggest that same day return-to-play in professional football players may be safe if the athlete is asymptomatic, has a normal neurologic examination, and is cleared by the team physician. 25 Most of the prospective concussion data is from collegiate or professional athletes, but studies in severe brain injury suggest the young brain is different. Field et al. 26 found that although only 11% of the high school athletes had associated LOC compared with 34% of the college athletes in their study, the high school athletes exhibited a slower acute neuropsychologic recovery after sport-related concussion when compared with college athletes. This study challenges the prevailing standards of care that suggest that the speed of recovery from injury is similar for all age groups and athletic levels. Further investigation of age-related differences in sport-related concussions is necessary. Until then, a more conservative treatment and comprehensive assessment of high school athletes may be warranted. 26, 27 
HISTORY OF RECURRENT CONCUSSIONS
There have been many studies to suggest that a history of head injury increases the risk of future head injury. Previous guidelines for return-to-play after a concussion were based on this increased risk. However, the pathophysiology for this increased vulnerability is poorly understood. Past studies have been flawed due to lack of consensus of the definition of a concussion, no objective cognitive measurements, and subjective recall of concussions. Recent prospective studies in high school and collegiate athletes have shown that athletes with a history of concussion are at increased
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Contemporary Spine Surgery VOLUME 8 s NUMBER 11 Contemporary Spine Surgery risk for future concussions and that the cognitive sequelae tend to be more severe and prolonged. 2, 6, 19, 27, 28 Guskiewicz et al. 2 found a three-fold increased risk of concussion with a history of three or more concussions. Additionally, the reported symptoms are more severe and last longer than with firsttime concussed athletes. Collins et al. 1 found a history of multiple concussions related to poorer performance on baseline neuropsychologic testing. This study highlights that comparisons between concussed and nonconcussed groups should match participants on baseline performance and prior head injury, not group norms.
As part of the preparticipation physical, a baseline cognitive assessment (such as the Prague SCAT test or available computerized testing) and a symptom score should be done. It is essential to seek out detailed history of head injuries, recognizing that the athlete might not be aware of symptoms associated with concussions. Specific questioning pertaining to past symptoms and head and neck injuries should be employed. Postinjury sideline history is likely not of value, as recall from teammates and coaches is unreliable.
SECOND-IMPACT SYNDROME
SIS is thought to occur when an athlete who has sustained a head injury (mild or severe) sustains a second head injury before complete recovery from the first injury. Upon second impact, the athlete may look stunned, can walk off the field, and then within seconds to minutes will collapse, semicomatose with dilated pupils, and go into respiratory failure. It is likely due to loss of autoregulation of brain blood supply leading to vascular engorgement causing increased intracranial pressure and herniation. 29 The precise incidence cannot be determined because the at-risk population is unknown. Although there are many case reports suggesting SIS, only 17 of 35 probable cases were confirmed between 1980 and 1993. 29 Due to more than 50% mortality and 100% morbidity associated with this condition, it is of utmost importance that any athlete who is symptomatic from a head injury not be returned to play until all symptoms clear. Although evidence is lacking for SIS, the consequence of returning an athlete at risk for a potentially life-threatening event is the basis of all return-to-play criteria that recommend removing a concussed athlete from play. Further research needs to be done before return-to-play guidelines can place less importance on the SIS. 12 
RETURN-TO-PLAY
Deciding when an athlete is safe to return to his or her sport is the most difficult management decision in sportrelated head injuries. Many times the decision to return-toplay must be made during a game with the pressure of meeting the demands of the coaches, family, and the athlete. It is the role of the health professional to provide objective assessment of the injured athlete and guidance about the advisability of safe return to competition. It is critical that everyone involved, including family, coaches, certified athletic trainer, team physicians, and the athlete, understand the importance of appropriate concussion assessment and management to take the correct steps to safe return-to-play of the athlete.
No consensus of the definitive diagnosis of concussion, no objective measures, and poor knowledge of the short-term and long-term neurologic consequences associated with concussion have made parameters regarding return-to-play after injury difficult to establish. 17 Over time, many grading systems evolved to assist the medical team in the decision process. By 2001, more than 25 grading scales and return-toplay guidelines had been developed based on subjective clinical experience, not outcome-based-research, and they are not able to account for interindividual variations in injury features and recovery course. 1, 9, 17 Recent prospective studies have helped to identify subtle symptoms and cognitive deficits to increase the physician's ability to follow cognitive recovery. However, until the pathophysiology of mild traumatic brain injuries in sports is better understood, the riskbenefit analysis stands in favor of more conservative measures to make sure the athlete is safe to return. 30 In the absence of scientifically validated return-to-play guidelines, the first symposium on concussion in sport was held in Vienna in 2001 to develop a consensus recommendation based on the growing body of evidence-based literature. In 2004, the recommendations were expanded to include children 5 to 18 years old. The Concussion in Sport group, a group of experts including authors of the most widely accepted published guidelines, voted in favor of abandonment of the grading scales for a more individualized approach to each athlete, including combined measures of recovery to assess severity of injury and prognosis as well as an individual approach of recognition, remove from play, rest until asymptomatic, and step-wise return-to-play. 10, 11, 31 
ON-FIELD EVALUATION
On-field evaluation always begins with the basic principles of resuscitation. Once the athlete is cardiovascularly stable, evaluation for cervical spine injury must be performed. If a head injury is suspected, a full medical evaluation must follow with a thorough neurologic examination to exclude potential catastrophic brain injury. It is essential to obtain a thorough history of prior head injury and comorbid conditions, but often this information is not known.
The sports physician must be alert to the symptoms of concussion and be familiar with the collection of sideline tools to assess cognitive dysfunction and postural instability. LOC is not necessary to suffer concussion. Brief validated neuropsychologic testing such as Maddocks' questions, the SAC, or the SCAT may assist in the sideline diagnosis of a concussion. Signs of postural instability can be elicited through use of the BESS (Table 2) . Serial examinations from time of injury until acute symptoms clear are essential.
HOSPITALIZATION AND IMAGING
Immediate referral to a hospital is recommended if the athlete has prolonged LOC (>5 min), focal neurologic deficit, decreasing mental status or level of consciousness, high-risk comorbid condition (i.e., hemophilia), unequal pupil size, uncontrolled vomiting, suspected skull fracture or penetrating skull trauma, or worsening symptoms. 8 Other factors that may warrant hospitalization include young age, lack of adequate supervision, or more than one concussion in given session. 9 Even if symptoms clear immediately, the athlete needs to be observed closely for the initial few hours after injury for late onset of symptoms.
The decision to obtain images depends on the initial presentation and evolution of symptoms. To date, most studies of concussion use CT, which has been proven of significant value in severe brain injury or when an intracranial injury is suspected; however, such injury is rarely associated with mild traumatic brain injury in sports. Imaging contributes little to the evaluation of a simple sports-related concussion. However, CT or MRI should be employed when there is concern for an intracranial injury such as with prolonged LOC, worsening clinical symptoms, focal neurologic deficit, seizure activity, or prolonged symptomatology. 11 The majority of athletes will not require imaging or hospitalization but may be followed by the team athletic trainer and physician.
SIDELINE MANAGEMENT FOR SAME DAY RETURN-TO-PLAY
Although there remains significant controversy over the decision to clear an athlete to return-to-play, there is agreement that a player with any signs or symptoms of a concussion should not be allowed to return to the current game or practice and should be monitored closely for deterioration of symptoms. 10, 11 Once evaluated and cleared of a cervical spine injury, the asymptomatic athlete with a normal neurologic examination at rest and with exertion may return to same-day play if his or her symptoms clear within 15 minutes. Controversy remains with same-day return-to-play of the young athlete; data suggest that for the young athlete with symptoms lasting from 5 to 15 minutes after a concussion may experience neuropsychologic deficit for up to 5 days. Thus, the safest course of action is to hold the young athlete out of play. 17 
STEPS TO RETURN A CONCUSSED ATHLETE TO PLAY
The decision to return the athlete to play 10,11,31 is individually based and proceeds in a step-wise manner. Initially, the athlete needs complete physical and cognitive rest. Activities that require concentration and attention may exacerbate symptoms and delay recovery. Daily symptom, neurocognitive, and postural evaluations should be performed.
Medications that may mask symptoms should be avoided. Once asymptomatic, the athlete may proceed to the next step. If symptoms return, drop back to the previous level where the athlete was asymptomatic. If asymptomatic, the athlete may proceed to next level the next day to allow for delayed onset of symptoms.
1. No activity-complete physical and cognitive rest; 2. Light exercise such as walking or stationary bike; 3. Sport-specific activity such as running or skating-progressive addition of resistance training at steps 3 or 4;
4. "On-field" practice without body contact;
5. On-field practice with body contact, which often progresses from controlled hitting or drilling to full contact-must be cleared by physician before this step; and 6. Game play.
The role of neuropsychologic testing remains controversial. Its use in the research setting has expanded our knowledge of the effects of sports-related concussion, but its role in clinical use may be overstated. The recommended consensus strategy is to wait for complete resolution of symptoms and then use neuropsychologic testing as a final step before return-to-play after a complex concussion; it is not as useful for a simple concussion. Literature supports baseline testing, but if no baseline testing is available, performance variability may be a key measure.
With a growing body of evidence, return-to-play decisions still relies on physician experience, symptom recognition, and an understanding of the risks. The use of extended computerized testing has increased detection of neurologic deficits previously not identified, making many physicians more conservative and stringent in regard to return-to-play. Whether our conservatism is overly cautious or not remains to be seen but is prudent due to the great risk thought to be associated with early return-to-play.
